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Abstract—During the braking process, the efficiency for the 
electric vehicles is improved through the recovery of energy by 
the regenerative brake system. The mechanical energy is lost 
and converted to heat when the conventional contact brake 
system is used. In this study, fuzzy-logic speed controller for a 
regenerative brake system using supercapacitors was designed, 
prototyped and tested. The prototype is mainly composed of a 
suspended wheel driven by a DC motor whose speed is varied 
and controlled through fuzzy logic algorithm. This study aimed 
at improving and maintaining the speed of the wheel to a set-
point as compared with an open-loop system. This study also 
aimed to compare the performance of the proposed system that 
utilizes supercapacitor bank against a conventional system that 
uses a battery based on the recovered energy and the braking 
time. According to the experimental results, the proposed 
system improved its speed control through the fuzzy logic 
method as compared against an open-loop system. The data also 
showed that the proposed system using supercapacitor bank is 
significantly better in energy recovery and braking compared to 
the conventional system using a battery.  On the average, the 
system using battery achieved 4.81% reduction in stopping time, 
while the system using supercapacitor achieved 30.29% in 
reducing the stopping time of the wheel during coasting. In a 
single braking, the average recovered energy using the battery 
is 0.01 J while 0.69 J of energy is recovered using the 
supercapacitor bank. Therefore, the system using 
supercapacitor recovered an average of 0.68 J more energy than 
using a battery in a single braking. 
 
Index Terms—Regenerative Brake System; Fuzzy Logic; DC 




We live in a fast-changing world driven by emerging 
technologies that aid us in order to make our lives easier.  
Along with advancement in the field of science, engineering 
and technology is the rise in the global consumption of 
energy.  Energy utilization should be taken into 
consideration. 
Motor vehicles as products of technology consume a large 
part of our energy.  Energy in the form of petroleum or 
electricity drives the engine of every vehicle.  This energy is 
converted into mechanical work, but what happens to the 
energy wasted when stopping the vehicle?   This wasted heat 
energy from the friction needed in order to stop the wheel 
only contributes to global warming.  In urban driving, about 
one third to one half of energy of the total energy is consumed 
during braking according to studies.  Regenerative brake 
energy recovery system converts the vehicle’s potential and 
kinetic energy to electrical energy through the motor-
generator during the braking process. The recovered energy 
is then stored to an electricity storage element. 
A need for a system that utilizes wasted energies from 
stopping the wheel of vehicles is realized in this study.  
Studies show that regenerative braking is an efficient method 
to achieve better fuel economy, reduced energy consumption 
and decreased environment pollution. 
The objective of this study is to develop and construct a 
fuzzy logic controlled wheel drive prototype that is capable 
of recovering energy through regenerative braking action.  
The system is aimed at developing and implementing a fuzzy-
logic algorithm in a microcontroller that drives the wheel at 
different speeds and directions (i.e. forward and reverse); 
controls and maintains the speed of the wheel within a 
specified range; and decelerates and stops the wheel.  The 
study includes the design of circuits for the power drive of the 
motor, input switch, relay, and a supercapacitor bank that will 
store electrical energy captured during the process.  A test 
evaluates the performance of the fuzzy logic control method 
in achieving and maintaining the desired speed as compared 
to the open-loop method in forward and reverse directions.  
Another test evaluates and compares the performance of the 
regenerative brake system that uses supercapacitor bank in 
recovering energy and slowing the wheel compared to a 
system that uses battery based on the recovered energy and 
the braking time.  
Upon successful implementation of this project, the system 
greatly contributes to utilization of energy and trims down the 
consumption of energy among vehicles.   Conventionally, a 
regenerative braking system uses the battery of vehicle to 
gain charge. With the help of the proposed system, much 
more energy is recovered through the use of a supercapacitor 
bank.  The braking time is also improved through the use of 
the supercapacitor bank. 
The study includes the design and implementation of a 
controller for the motor-generator system whose components 
are limited to driving the wheel, stopping it, storage of electric 
energy to the supercapacitor bank.  The study employs a 
prototype for the purpose of demonstrating the concept.  The 
model is limited to a single bicycle wheel driven by a motor-
generator which is powered by a 24 VDC power supply and 
is controlled through a microcontroller and H-Bridge driver 
circuit which could achieve 173 rpm as the maximum speed.  
Electric discharge mechanism to avoid overcharging the 
capacitor is not considered in this study.  The test equipment 
used in this study to measure voltage, current and average 
power is limited to a digital multimeter.  There is no data 
acquisition system to use due to its unavailability.  The study 
does not cover the effects of the aerodynamic structure of a 
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vehicle in stopping it.  It does not consider the physical 
parameters of the vehicle that may affect the performance of 
the system such as mass, momentum, number of passengers, 
coefficient of friction of the tire used and the number of 
wheels in consideration.  The system is not capable of 
providing the same braking power as the conventional 
friction-based brake plates.  The study does not cover the 
process of transferring energy from the supercapacitor bank 




Shown in Figure 1 are the procedural steps used in 




Figure 1: Methodology 
 
The conceptual framework of the system is shown in Figure 
2. 
 
Figure 2: Conceptual framework 
 
Speed control is performed through the following process.  
First, the desired speed is set through the switchboard.  The 
output of the switchboard is fed to the fuzzy logic controller.  
The controller sends PWM signal to the H-Bridge driver that 
drives the wheel to the desired speed.  The motor gets power 
from power supply/battery through the H-Bridge driver 
which limits the power supplied to the motor based on the 
PWM signal.  The actual speed is never equal to the desired 
speed since the system is still at the open loop mode.   
Referring to Figure 2.2, the sensor is used to monitor the 
speed of the wheel which in turn sends a feedback signal to 
the controller.  The Fuzzy logic algorithm performs 
operations using the desired speed and the feedback signal as 
inputs.  Consequently, the output of the controller is the 
compensated PWM signal that will improve the speed of the 
wheel against the previous actual speed.  
Regenerative braking, on the other hand, is performed 
through the following process.   At the time that the 
compensated speed is achieved and maintained through the 
fuzzy logic control, the wheel could now be stopped.  The 
stop switch is engaged to send a signal to the microcontroller 
which controls the relay board.  While the wheel is 
maintaining its speed, the motor terminals are connected to 
the H-Bridge driver.  This time, when the regenerative brake 
is applied, the relay board switches the motor terminals to the 
supercapacitor bank that will introduce the braking action to 
the motor.  The motor will now become a generator that stores 





The most important element considered in the design of the 
system is the motor/generator.  It puts a limit on the system’s 
maximum speed and power. The maximum speed of the 
motor is 84 rpm. This speed rating was increased by removing 
the gear box which is originally attached to the motor.  In 
order to drive the wheel, the motor was coupled to the 
suspended motorcycle wheel using metal chains.  In the set-
up shown in Figure 3, the wheel achieved 173 rpm as the 
maximum speed using a power supply whose rated output is 




Figure 3: Motor-generator and wheel set-up 
 
The next step was to define the membership function that 
will convert raw data values into linguistic terms.  Triangular 
shape functions represent the input and output membership 
functions. 
Zilog! Encore microcontroller was chosen for the system 
since it is capable of performing the fuzzy-logic algorithm.  It 
also has an adequate number of I/O terminals for the 
interfacing as required by the system. 
The speed was monitored by a laser tachometer 
manufactured by Compact Instruments. This type of sensor 
was chosen for having an RS232 signal output since the 
microcontroller communication port to where the tachometer 
was attached required an RS232 signal.  The actual analog 
speed signal was captured by the tachometer and was 
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converted to digital form.  This signal was fed back to the 
microcontroller communication port with ± 0.1 % accuracy. 
The supercapacitor bank is composed of fifty 0.01-F (5.5 
Vdc) supercapacitor in series-parallel connection.  The total 
capacitance of the bank was 1.25 F (11 Vdc). This was used 
as the load circuit to capture energy during the braking 
process.  Shown in Figure 4 is a picture of the supercapacitor 




Figure 4: Supercapacitor bank 
 
B. Software 
The software component of the system was implemented in 
the microcontroller based on the process flow chart shown in 
Figure 5. 
Fuzzy logic was chosen as the control algorithm.  The 
process variable was the speed of the motor.  The set-point 
was the speed defined by the user at the start of the operation.  
The input is the difference between the actual and desired 
speeds (Error_RPM).  The output of the PWM signal 
adjustment (PWM_Adjust) for the motor driver, the 
microcontroller compared the actual speed to the set-point to 
yield an error signal.  This error signal was then used as the 
reference for the necessary adjustment for the PWM signal 
output.  The membership functions for both input and output 
were necessary in creating the rule for this control method.  
The linguistic terms used to represent the input and output 
values are VL, L, H MH, VH and VVH. 
The next step was to define the membership function that 
will convert raw data values into linguistic terms.  Triangular 
shape functions represented the input and output membership 
functions shown in Figure 6. 
Instead of mathematical formulas, the algorithm used fuzzy 
logic rules to make decisions and control action in the form 
of if-then statements. Figure 7 shows the rules being 
implemented by the algorithm. If the error signal is L, then 
the PWM adjust is L.  If the error signal is VVH, then the 
PWM adjust will also be VVH.  The same rule is applied to 
all the membership functions. 
Summarizing the output from all the fuzzy rules, a surface 
plot of PWM Adjust vs. RPM Error was created shown in 
Figure 8.  When there was an error signal, there was a 
corresponding adjustment to the PWM signal output of the 
controller. This set of rules was developed an adjusted after 
comparing the actual output to the expected output as a result 










Figure 6: Membership functions of input and output 
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Figure 9: Actual tested prototype 
 
C. Test and data Acquisition 
 
a. Test the fuzzy logic speed control 
A test was done to evaluate the performance of the fuzzy 
logic control method in achieving and maintaining the desired 
speed as compared to the open-loop method in forward and 
reverse directions.  There were eight trials made on this test 
each at different wheel speeds.  The fuzzy logic control was 
evaluated by comparing the wheel speed before and after the 
compensation process.  Actual rpm speed values were 
gathered before and after the compensation for each input 
switch settings. The data were gathered using A2108 software 
from the tachometer provider.  At the end of the test, the 
effectiveness of the control algorithm was evaluated by 
comparing the results with the expected rpm speed values. 
 
b. Test for the regenerative brake and energy harness 
Another test was done to evaluate and compare the 
performance of the regenerative brake system that uses 
supercapacitor bank in recovering energy and slowing the 
wheel compared to a system that uses battery based on the 
two parameters: recovered energy and the braking time.   
The recovered energy in the supercapacitor bank was 
measured using the following formula, (Kuruppu, 2010): 
 
initialfinaleredre EEE cov  (1) 
 
where:  
Erecovered = total energy captured by the supercapacitor on  
    a single braking in Joules 
Efinal  = energy of the capacitor after the braking into  
    full stop 





finalfinal CVE   (2) 
 
where:  
Efinal  = energy of the supercapacitor after braking in  
    Joules 
Vfinal  = voltage across the supercapacitor after braking  
    in Volts 
C  = total capacitance of the supercapacitor bank,  





initialinitial CVE   (3) 
 
where:  
Einitial = energy of the supercapacitor before braking,  
    Joules 
Vinitial = voltage across the supercapacitor before braking,  
    Volts 
C  = total capacitance of the supercapacitor bank, 1.25  
    F 
 
The wheel speed was set to maximum (i.e. 173 rpm). 
Before braking, the voltage across the supercapacitor was 
measured using a digital multimeter.  Then, the brake 
switch was engaged until it reached full stop. The voltage 
across the supercapacitor was then measured again.  Using 
the formula for the initial and final energy of the capacitor, 
the energy recovered (change in energy) was calculated for 
a single braking process. Ten trials were made in 
measuring the voltage, current and time needed to compute 
for the recovered energy. 
Meanwhile, the recovered energy (change in energy) in 
the battery was measured through the derived formula 
below: 
 
IVP   (4) 
PtE   (5) 
 
where:  
E  = energy of the battery after braking, Joules 
P  = power, watts 
V  = difference in the voltage across the battery before  
    and after the braking, Volts 
I  = peak current measured through the battery during  
    the braking process 
t  = time to stop the wheel, seconds 
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IV. DATA AND RESULTS 
 
Figure 10 shows the compensation that took part in the 








Figure 11: Battery vs supercapacitor on stopping time in seconds 
 
Figure 11 shows the improved stopping time of the wheel 
using the supercapacitor bank as compared with the no load 
condition and when using battery as the load.  The average of 
the stopping time without the load for all the tests is 8.531 
seconds while 8.121 seconds using the battery and 5.947 
seconds using the capacitor bank.  The equations 6 and 7 
show the percent reductions of stopping time using the battery 





































On the average, the system using battery achieved 4.81% 
reduction in stopping time, while the system using 
supercapacitor achieved 30.29% in reducing the stopping 
time of the wheel during coasting. 
Figure 12 shows the improved energy recovery from the 
regenerative braking using the supercapacitor bank as 
compared from the no load condition and when using battery 
as the load.  Obviously, there was no energy recovered 
without the load and when the wheel was stopped through 
freewheeling.  On the other hand, the average energy 
recovered using the battery is 0.01 J while 0.69 J of energy 





Figure 12: Battery vs supercapacitor on the recovered energy (change in 
energy) in Joules 
 
    Figure 12 shows the improved energy recovery from the 
regenerative braking using the supercapacitor bank as 
compared from the no load condition and when using battery 
as the load.  Obviously, there was no energy recovered 
without the load and when the wheel was stopped through 
freewheeling.  On the other hand, the average energy 
recovered using the battery is 0.01 J while 0.69 J of energy 
was recovered using the supercapacitor bank for a single 
braking. Therefore on the average, the system using 
supercapacitor recovered 0.68 J more energy than using a 
battery in a single braking as shown in Equation 8. 
 
JEEE batteryitorSupercapac 68.001.069.0   (8) 
 
A statistical analysis was done in determining which 
between the supercapacitor bank and the battery is better in 
terms of the stopping time.  Since the data were gathered from 
two distinct systems which were independent from each 
other, the t-test for two-sample assuming unequal variances 
could be used to conclude the findings of the study.  Microsoft 
Excel data analysis function was used in performing this test.  
The alpha used was 0.05. Based on the t-test data, the 
probability value (P) was extremely small (less than α = 0.05) 
which became a strong evidence against the null hypothesis 
(H0 :  µ0= µ1).  Therefore, the alternative hypothesis (H0 :  
µ0> µ1) is true and hence the conclusion can be  made that 
using the supercapacitor bank is better than using the battery 
in terms of reducing the stopping time. 
Another statistical analysis was done in determining which 
between the supercapacitor bank and the battery is better in 
terms of the performance in energy recovery. Since the data 
were gathered from two distinct systems which were 
independent from each other, the t-test for two-sample 
assuming unequal variances could be used to conclude the 
findings of the study.  Microsoft Excel data analysis function 
was used in performing this test.  The alpha used was 0.05. 
Based on the t-test data, the probability value (P) was 
extremely small (less than α = 0.05) which became a strong 
evidence against the null hypothesis (H0 :  µ0= µ1). 
Therefore, the alternative hypothesis (H0 :  µ0<µ1) is true and 
hence the conclusion can be  made that using the 
supercapacitor bank is better than using the battery in terms 




A prototype for the proposed system was successfully 
constructed and tested.  Fuzzy logic algorithm was 
successfully implemented for the control of the wheel speed.  
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Compared with an open loop system, the speed control which 
was achieved through the fuzzy logic algorithm of the 
proposed system is better based on the experimental results.  
Moreover, the data show that the proposed system is 
significantly better in energy recovery and braking compared 
to the conventional system using a battery.  On the average, 
the system using battery achieved 4.81% reduction in 
stopping time, while the system using supercapacitor 
achieved 30.29% in reducing the stopping time of the wheel 
during coasting. In a single braking, the average energy 
recovered using the battery is 0.01 J while 0.69 J of energy 
was recovered using the supercapacitor bank. On the average, 
the system using supercapacitor recovered 0.68 J more energy 
than using a battery in a single braking. 
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